Polyubiquitin chains regulate diverse cellular processes through the ability of ubiquitin to form chains of eight different linkage types. Although detected in yeast and mammals, little is known about K29-linked polyubiquitin. Here we report the generation of K29 chains in vitro using a ubiquitin chain-editing complex consisting of the HECT E3 ligase UBE3C and the deubiquitinase vOTU. We determined the crystal structure of K29-linked diubiquitin, which adopts an extended conformation with the hydrophobic patches on both ubiquitin moieties exposed and available for binding. Indeed, the crystal structure of the NZF1 domain of TRABID in complex with K29 chains reveals a binding mode that involves the hydrophobic patch on only one of the ubiquitin moieties and exploits the flexibility of K29 chains to achieve linkage selective binding. Further, we establish methods to study K29-linked polyubiquitin and find that K29 linkages exist in cells within mixed or branched chains containing other linkages.
INTRODUCTION
Protein ubiquitylation is a reversible posttranslational modification that regulates the activity, function, and fate of modified proteins and is fundamental to diverse biological processes (Komander and Rape, 2012) . Topologically distinct ubiquitin (Ub) signals are produced when proteins are monoubiquitylated at one or multiple sites or polyubiquitylated by modification with Ub polymers (Haglund and Dikic, 2005) . Homotypic Ub polymers of eight different linkage types can be assembled in which the C terminus of a distal Ub is attached to one of the seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) or to the N-terminal M1 of the proximal Ub. In addition to homotypic chains, heterotypic polyUb of complex topology involving mixed (alternating linkages) or branched (single Ub within a chain modified at two or more sites) types can be formed and have roles in endocytosis, immune signaling, and protein degradation (Boname et al., 2010; Emmerich et al., 2013; Meyer and Rape, 2014) .
Differently linked polyUb chains act as functionally distinct signals, and this is mediated in part by Ub binding domains (UBDs) that selectively bind and decode different polyUb modifications (Hurley et al., 2006; Husnjak and Dikic, 2012) . UBDs and enzymes of the Ub system exploit the unique conformational and dynamic properties of differently linked polyUb types to achieve linkage selectivity. Structural analyses of five linkage types (K6, K11, K48, K63, and M1) reveal that Ub chains adopt distinct conformations that can be broadly classified as ''open'' or ''compact.'' In the compact conformation adopted by K6-, K11-, and K48-linked diUb, an intermolecular interface is present between the distal and proximal Ub, whereas in the extended conformation of M1-and K63-linked polyUb, the linkage is the only point of contact between the two Ub molecules (Datta et al., 2009; Komander et al., 2009) . However, polyUb is flexible, as compact conformations have been observed for K63 and M1 linkages (Datta et al., 2009; Rohaim et al., 2012) .
Proteomic analyses have detected all eight Ub linkages in cells and their relative abundance varies between different cell types and organisms (Dammer et al., 2011; Peng et al., 2003; Ziv et al., 2011) . The abundance of particular linkage types increases in response to a specific stimulus as has been observed for M1-, K11-, and K63-linked polyUb (Behrends and Harper, 2011) . K48-linked Ub chains, the most abundant linkage type detected in resting cells, function as a signal for proteasomal degradation, while K63-and M1-linked chains have non-proteolytic roles in DNA damage response and immune signaling pathways (Behrends and Harper, 2011; Chau et al., 1989; Spence et al., 1995; Wang et al., 2001) . In contrast, the cellular roles of polyUb linked via K6, K27, K29, and K33 (also referred to as atypical polyUb), have yet to be elucidated (Kulathu and Komander, 2012) .
Of the atypical linkages, K29 polyUb is the most abundant in resting mammalian cells (Dammer et al., 2011) . While the cellular function of this linkage type is unclear, the amount of K29 polyUb increases following proteasomal inhibition. In yeast, K29-linked polyUb has been linked to the Ub-fusion-degradation pathway, where it mediates substrate turnover (Johnson et al., 1995; Koegl et al., 1999) . Several HECT E3 ligases, including ITCH, UBR5, and UBE3C, have been suggested to make K29 linkages in cells (Chastagner et al., 2006; Hay-Koren et al., 2011; You and Pickart, 2001) . Recently, the deubiquitinase (DUB) TRABID was identified as having a preference for hydrolyzing K29 and K33 linkages (Licchesi et al., 2012; Virdee et al., 2010) . TRABID was discovered as a positive regulator of Wnt signaling and has three tandem NPL4 zinc fingers (NZFs) that are thought to have a preference for binding to K63-and M1-linked polyUb Tran et al., 2008) .
Research into understanding roles for atypical chains is hampered by the lack of tools and the inability to assemble polyUb chains of different lengths on a large-scale. Although chemical biology approaches can be used to make diUb of all linkage types (Kumar et al., 2010; El Oualid et al., 2010; Virdee et al., 2010) , there are no known methods for the large-scale assembly of K27, K29, and K33 linkages using enzymatic means. Further, UBDs that bind specifically to polyUb of a particular linkage type are very useful as polyUb sensors to probe the cellular roles of that linkage (van Wijk et al., 2012) . However, no such linkage-selective UBDs have been characterized for atypical chains.
Here we establish a Ub chain-editing complex consisting of an E3 ligase and DUB combination for the large-scale assembly of K29-linked polyUb. This enabled us to determine the structure of K29-linked diUb, which reveals an open conformation. Furthermore, we identify and structurally characterize the first NZF domain (NZF1) of the DUB TRABID as being a highly selective binder of K29-and K33-linked polyUb. Finally, using these selective NZFs, we demonstrate that K29-linked chains feature in mixed or branched chains in cells. Interestingly, short K29-linked chains (diUb to tetraUb) are present in long complex polyUb mixtures suggesting that these heterotypic chains may have distinct properties with specialized function.
RESULTS

Assembly of K29-Linked PolyUb
PolyUb of several linkage types, including K11, K48, and K63, can be assembled in vitro by E2 enzymes Pickart and Raasi, 2005; Ye and Rape, 2009 ). In addition, HECT-family ligases have been used to catalyze assembly of K6-linked polyUb . UBE3C, a relatively uncharacterized HECT E3 ligase, has been reported to mainly assemble K29 and K48 linkages (You and Pickart, 2001 ). In vitro, UBE3C generates small amounts of free diUb and triUb that is rapidly converted to high-molecular weight polyUb, and is mostly autoubiquitylated UBE3C ( Figure S1A ). Autoubiquitylation of UBE3C occurs in trans, as the catalytic dead UBE3C C1051A can be ubiquitylated by wild-type UBE3C ( Figure S1C ).
In order to obtain free K29 polyUb chains, a DUB that catalyzes removal of contaminating linkages and releases free chains from autoubiquitylated UBE3C is required ( Figure 1A) . The viral DUB vOTU has recently been shown to catalyze cleavage of all linkages except M1, K27, and K29 (Ritorto et al., 2014 ). Thus we hypothesized that vOTU may release free polyUb chains from autoubiquitylated UBE3C, thereby enhancing the yield of free chains. Indeed, inclusion of vOTU in the assembly reactions results in unanchored polyUb chains ( Figure 1B) . We then performed a linkage type analysis by using Ub mutants containing Lys to Arg substitutions. Free polyUb chains that were assembled in the presence of vOTU were not impaired with K6R, K11R, K33R, K48R, or K63R mutants ( Figure 1C ). By contrast, formation of free polyUb chains was significantly reduced in the presence of Ub K29R, demonstrating that the enzymes UBE3C, UBE2D3, and vOTU can together function as a Ub chain-editing complex for the specific assembly of K29 linkages ( Figure 1C) . In order to confirm the linkage type of the chains formed, we incubated the chains assembled by this complex with the DUB TRABID that has known specificity for hydrolyzing K29 and K33 linkages. Indeed, chains treated with TRABID were reduced to monoUb, while the M1-specific DUB OTULIN did not hydrolyze these chains ( Figure S1B ). When the K29only mutant of Ub, where all Lys residues but K29 are mutated to Arg, was used in the assembly reaction, long polyUb chains are assembled and these were hydrolyzed down to monoUb by TRABID ( Figure 1D ). Using parallel reaction monitoring (pRM) liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis of tryptic fragments (Peterson et al., 2012) , we further verified that the Ub chains produced using the described method only contained K29 linkages, and other linkages were not detected (Figure S1D) . By scaling up the assembly reactions using the chainediting complex, we were able to generate and purify K29-linked polyUb chains on a large scale and chains of defined lengths could be separated by cation-exchange chromatography (Figures 1E and 1F) . Taken together, these data reveal a robust reproducible method for generating milligram quantities of K29 polyUb.
Crystal Structures of K29-Linked diUb
We crystallized K29-linked Ub dimers, and the structure was determined by molecular replacement and refined to the final statistics as shown in Table 1 . The asymmetric unit (ASU) contains two K29-linked diUb molecules ( Figure S2A ). The distal Ub is bound via its C terminus to K29 of the proximal Ub, and there is visible electron density for the isopeptide linkage ( Figure S2B ). In the crystal structure, K29-linked diUb adopts an open conformation ( Figure 2A) . Contacts between the two isopeptide-linked Ub molecules are entirely polar and involve R42 and R72 on the distal Ub and E16, E18, and D21 of the proximal Ub ( Figure 2B ). The crystal structure reveals an extended conformation, but in solution, K29 chains may adopt other conformations.
This open conformation of K29 diUb is distinct from the completely extended conformation observed for K63 and M1 chains, where there is no contact between the two Ub moieties besides the linker (Figures 2C-2E ). The hydrophobic I44 patch (made up of L8, I44, H68, and V70) and the I36 patch (made up of I36, L71, and L73) facilitate the majority of interactions between Ub and UBDs. Like K63 and M1 chains, these hydrophobic patches are exposed and accessible in the observed K29 diUb structure ( Figure 2C ).
Profiling Linkage Selectivity of UBDs
Because there are no UBDs characterized to date that bind to K29 chains, we next wanted to identify a UBD that can selectively recognize K29-linked chains. In order to systematically test linkage specificity of UBDs, we assembled and purified polyUb tetramers of seven different linkage types ( Figure 3A) . Each tetramer has a characteristic electrophoretic mobility, allowing distinction between linkage types ( Figure 3A ). Note that when equal amounts of the different tetramers are present as detected by Coomassie and silver staining, detection by the anti-Ub antibody varies across linkages. To assess the linkage preferences of UBDs, we expressed and purified them as Halo-fusion proteins ( Figure S3A ). We chose to use Halo-tagged UBDs in this study to characterize polyUb binding as this tag does not dimerize and circumvents the artifacts of tag-induced avidity . . . (C) Ubiquitylation assays of UBE3C in the presence of UBE1, UBE2D3, and wild-type Ub or K-to-R Ub mutants. vOTU was added at the end of the ubiquitylation reaction. (D) Time course of ubiquitylation by UBE3C in the presence of UBE1, UBE2D3, vOTU, and wild-type Ub or K29only Ub mutant. To one half of the reaction stopped at 60 min, apyrase was added to quench ATP followed by DUB hydrolysis with TRABID. (E) Purification of K29-linked diUb, triUb, tetraUb, and pentaUb by cation-exchange chromatography. Proteins from the corresponding peak fractions were visualized on Coomassie-stained SDS-PAGE gel. (F) The K29-linked diUb and triUb purified in (E) are visualized in silver-stained SDS-PAGE gel. See also Figure S1 . (Sims and Cohen, 2009 ). We first analyzed the linkage preference of the proteasome shuttling protein RAD23B that has been well characterized as a K48 binding protein (Rao and Sastry, 2002; Varadan et al., 2005) . When compared across seven linkage types, the UBA domains of RAD23B still exhibit exquisite preference for K48 chains ( Figure 3B ). In contrast, the UBA domain of Ubiquilin-1 (UBQLN1) is non-selective and binds to all linkages, while the NZF of NPL4 binds to all linkages with the exception of K6 and K29 linkages.
Both K29 and K33 linkages are hydrolyzed by the catalytic domain of the DUB TRABID (Licchesi et al., 2012) . TRABID is a multi-domain protein with the catalytic domain at the C terminus and UBDs consisting of three tandem NZF domains at the N terminus. We hypothesized that TRABID uses the NZF domains for targeting to its substrates, namely K29 and K33 polyUb. Previous studies using two or three linkage types have shown that TRABID NZFs can bind to K63 and M1 chains Tran et al., 2008) . When we tested the tandem NZFs of TRABID (NZF1-3), we find that in addition to K63 and M1 chains that they were previously described to bind to, the tandem NZF1-3 domains also bind to K11, K29, and K33 chains ( Figure 3B) .
In order to test if the binding properties of the isolated NZF domains varied in comparison with the tandem repeats, we expressed Halo-fusions spanning permutations of NZF1-3 and individual domains ( Figure S3A ). In comparison with NZF1-3, the double repeat UBDs NZF1-2 and NZF2-3 showed reduced binding to K63 and M1 chains while maintaining binding to K29 and K33 chains ( Figure 3C, lanes 1-4) . The individual NZF1 and NZF2 domains showed selectivity toward K29 and K33 chains, binding most of the input tetraUb ( Figure 3C , lanes 5 and 6). Interestingly, the binding properties of NZF3 were very different from those of NZF1 and NZF2, as it was able to bind to K33 chains and showed weak binding to K6, K48, and K63 chains but did not interact with K29 chains ( Figure 3C, lane 7) . In summary, the individual NZF1 and NZF2 domains were selective for K29 and K33 chains, whereas the tandem NZF1-3 domains were able to bind to multiple linkages.
We focused on the NZF1 of TRABID, which binds to K29 and K33 polyUb and pulls down small amounts of M1 and K63 chains ( Figure 3D ). Our data predict that in a mixed environment, NZF1 will bind preferentially to K29 and K33 chains. We therefore performed a direct competition experiment where a mixture of chains was used in the pull-down assay and the differences in electrophoretic mobility were used to distinguish the different linkage types. As predicted, NZF1 preferentially binds to K29 and K33 chains over K63 and M1 linkages ( Figure 3E ). We next performed isothermal titration calorimetry (ITC) to compare the binding affinities of the individual NZF domains for diUb of different linkage types. In agreement with the results observed with the pull-down experiments, NZF1 binds to K29-and K33-linked diUb with higher affinities, 3.0 and 4.2 mM, respectively, whereas no detectable binding was observed for monoUb, M1 or K63 diUb ( Figures 3F-3J) . Although NZF2 has similar binding affinities for K29 and K33 chains as NZF1, the affinity of NZF3 for K33-linked diUb is too low to be measured by ITC (Figures S3B-S3D ). In summary, these results reveal that the NZF1 of TRABID preferentially binds to K29 and K33 chains over K63 and M1.
Structural Basis for Linkage-Selective Recognition
To understand the structural basis of selective interaction between TRABID NZF1 and K29 chains, we determined the structure of TRABID NZF1 in complex with K29-linked diUb. Diffraction data were obtained at 3.0 Å resolution, and the structure was solved by molecular replacement and refined to the final statistics as shown in Table 1 . TRABID NZF1 crystallized as a stoichiometric complex with K29 dimers, and the ASU contains five Ub and five NZF molecules ( Figure S4A ). The Ub moieties are arranged in such a way that the C terminus of one Ub points toward K29 of the next to form a continuous polyUb chain, and each NZF recognizes one diUb ( Figures S4A and 4A ). In the crystal lattice, this arrangement allows the chain to be extended infinitely and gives it the appearance of a helical filament (Figure S4A ). The complexes found in the ASU superpose with a root-mean-square deviation (rmsd) between 0.363 and 0.883 ( Figure S4B ).
The structure of the NZF1 of TRABID is almost identical to the NZF domains of NPL4, TAB2, TAB3, and HOIL-1L (rmsd < 0.9 Å ) (Alam et al., 2004; Sato et al., , 2009 ). The four cysteine residues of TRABID NZF1, C10, C13, C24, and C27, coordinate a zinc ion. The TRABID NZF binds to the distal and proximal Ub moieties with buried surface areas of 350 and 320 Å 2 , respectively. Although TRABID NZF1 interacts with both proximal and distal Ub, it does not directly recognize the K29-linked isopeptide bond of the diUb. The NZF domain of TRABID interacts with the I44-centered hydrophobic patch on the distal Ub ( Figures 4B and 4C) . In most NZFs, distal Ub recognition is mediated by a hydrophobic patch centered on the consensus T-F motif (T14 and Y15 in TRABID NZF1) (Alam et al., 2004; Haglund and Dikic, 2005) (Figure 4B ). An additional hydrophobic residue present 10 amino acids away from the T-F motif (M26 in NZF1) also mediates interactions with the I44 patch on the distal Ub ( Figures 4B and 4D) . Thus in the NZF1 of TRABID, residues T14, Y15, and M26 interact with the distal Ub, and these residues are conserved in evolution ( Figure 4D ). Indeed, mutation of T14, Y15, or M26 to alanine is sufficient to disrupt the binding of TRABID NZF1 to K29 and K33 chains ( Figure 4E ).
In contrast to other NZF domains, TRABID NZF1 does not make contacts with either the I44 or F4 hydrophobic patches on the proximal Ub ( Figures 4C and S5 ). Instead, TRABID NZF1 recognizes residues around K29 in the proximal Ub. Interestingly, TRABID M26 makes contacts with both the distal and proximal Ub moieties, and mutation of this residue disrupts NZF1 binding to K29 chains (Figures 4E and S3E) . The overall conformation and relative orientation of the distal and proximal Ub moieties of the K29-linked diUb bound to TRABID NZF1 The highest resolution shell is shown in parentheses.
are considerably different from that of free K29-linked diUb ( Figure 5A ). When superposed on the distal Ub, the proximal Ub of the complex is rotated by 45 and moved by around 20 Å , thus remodeling the K29 chain. This remodeling enables TRABID NZF1 to make simultaneous interactions with both the distal and proximal moieties. A network of hydrogen bonds and ionic interactions further stabilizes the complex and is summarized in Table S3 . TRABID NZF1, thus binds to K29 chains by binding to the I44 patch on the distal Ub and the Ub helix in the proximal Ub.
Linkage selective polyUb recognition requires simultaneous binding of the NZF to both distal and proximal moieties. If the binding of the NZF to the distal Ub is too strong, then polyUb binding will not depend on contribution from the proximal Ub, and hence polyUb binding will not be linkage selective. An example is the NZF domain of NPL4 that binds to monoUb via a distal Ub recognition site made up of T590, F591, and M602 and is therefore non-selective (Figures 3B and 5B) (Alam et al., 2004) . In contrast, the NZF domain of TAB2 or TAB3 and TRABID NZF1 cannot bind to monoUb, as they have sub-optimal distal Ub recognition sites made up of T674, F675, and Q686 (TAB2) or T14, Y15, and M26 (TRABID) ( Figure 3J ) ). Indeed, TRABID-NZF1 requires hydrophobic residues at each of these positions to bind polyUb ( Figures 5C and 5D ). As expected, strengthening distal Ub binding by mutating the hydrophilic Q686 of TAB2 to methionine (Q686M) not only increases binding of the mutant NZF to K63 chains but also enables it to bind to K29 and K33 chains ( Figure 5E ).
To address the importance of proximal Ub recognition, we focused on residue T25 of TRABID-NZF1. Although mutation of T25 to alanine does not affect TRABID-NZF1 binding to K29 or K33 chains (Figure 5F ), the corresponding residue in TAB2 (E685) interacts with the proximal Ub and is important for binding K63 chains Sato et al., 2009 ). This raises the possibility that the type of residue present at this position would influence specificity. Indeed, some T25 mutants show additional binding to K63 chains, suggesting that the residue at this position may influence linkage selectivity ( Figure 5F ). Interestingly, introducing a negatively charged residue at this position converts TRABID-NZF1 to be able to bind to multiple linkage types ( Figure 5G ). In summary, achieving linkage-selective polyUb recognition requires binding to the distal Ub with modest affinity and linkage-dependent interactions with the proximal Ub.
Heterotypic PolyUb Containing K29 Linkages Are Captured by TRABID K29 linkages can be detected in proteomic studies (Dammer et al., 2011) . Therefore, we hypothesized that the selective recognition of these linkages by TRABID could be exploited to capture K29 chains from cells. To test this hypothesis, we transiently expressed Flag-tagged versions of different TRABID constructs in HEK293 cells and analyzed the polyUb chains captured from cell extracts by TRABID ( Figure 6A ). Although full-length wild-type TRABID will bind to K29 linkages but hydrolyze them, the catalytically inactive mutant C443A should bind to K29 chains but not hydrolyze them ( Figure S6A ). Both full-length TRABID and the tandem NZFs capture high-molecular mass polyUb from resting cells ( Figure 6A , lanes 2, 4, and 6). To detect if K29 linkages are present in the captured polyUb material, we (A) Purified tetraUb of M1, K6, K11, K29, K33, K48, and K63 linkages were separated on 4% to 12% SDS-PAGE gel and visualized by Coomassie and silver staining, and anti-Ub immunoblotting.
(B) Linkage selectivity of different UBDs was investigated using pull-down assays. Halo-tagged RAD23B UBA1-2, Ubiquilin-1 UBA, NPL4 NZF, and TRABID NZF1-3 were used in pull-down assays with tetraUb of the indicated linkage types. The chains were visualized by silver-staining. Fifty percent of tetraUb input used in the pull-down assay was included as control. Asterisk shows NPL4 released from Halo resins.
(C) Pull-down assays to determine the linkage selectivity of the individual or tandem NZF domains of TRABID. Halo-tagged fusions of the indicated TRABID NZF domains were used in pull-down assays with tetraUb of seven different linkage types. One hundred percent of tetraUb input used in the pull-down assay was included as control.
(D) Linkage selectivity of TRABID NZF1 assayed as in (B).
(legend continued on next page) incubated the pull-down with the DUB vOTU that does not hydrolyze M1, K27, and K29 linkages (Ritorto et al., 2014) . Although incubation with vOTU reduced the high-molecular weight ubiquitylated species captured by wild-type TRABID down to monoUb, free polyUb chains resistant to vOTU cleavage were released from the TRABID C443A isolates ( Figure 6A , lanes 3 and 5). Despite their poor expression in HEK293 cells, the tandem NZF domains of TRABID also captured ubiquitylated proteins and free polyUb chains of a similar pattern were released upon vOTU treatment ( Figure 6A , lane 7, and Figure S6D ).
To ensure that what we were observing was not an artifact of overexpressing TRABID domains in cells, we used bacterially expressed and purified Halo-fusions of TRABID NZFs to capture polyUb from cell extracts. Halo-NZF1-3, NZF1-2, and NZF2-3 all captured polyUb from cell extracts and released short chains when treated with vOTU ( Figure 6B ). Interestingly, the single NZF1 captured as much polyUb as the tandem fusion, while isolated NZF2 captured only a limited amount of polyUb ( Figure 6B , lanes 4, 5, 10, and 11). However, the K33-selective NZF3 does not pull down any polyUb from cells.
We observed that only short chains are released from the Halo-NZF capture after vOTU treatment, in contrast to the longer chains released when the capture was done using Flag-tagged tandem NZF domains expressed in cells ( Figures 6A and 6B ). This may be because the Flag-tagged NZFs capture longer vOTU-resistant chains, or, alternatively, expression of the UBD in cells protected the chains from hydrolysis by cellular DUBs. To test this idea, we compared the polyUb that we captured from untransfected cells or from cells expressing NZF1-3 of TRABID. Further, we tested if our findings could be recapitulated using a different UBD, for which we used the UBA domain of Ubiquilin-1 (UBQLN1), which is a non-selective polyUb binder (E) Linkage preference of TRABID NZF domains was assayed using a competition pull-down assay. K29-or K33-linked tetraUb was mixed with M1-and K63-tetraUb chains, and pull-downs performed using Halo-TRABID NZF1-3 or NZF1. Asterisk shows NZF1 released from Halo beads. (F-J) ITC measurements for the NZF1 domain of TRABID with K29-Ub2 (F), K33-Ub2 (G), M1-Ub2 (H), K63-Ub2 (I), and monoUb (J). The K d value for each measurement is indicated. See also Figure S3 . (E) Residues of TRABID NZF1 involved in Ub binding were mutated to alanine and the binding to K29-and K33-tetraUb was assayed as in Figure 3C . Halo-fusion proteins coupled to the resin were visualized on Coomassie-stained SDS-PAGE gel. See also Figure S4 .
capable of binding to several linkage types ( Figure 3B ). Immobilized Halo-NZF1-3, NZF1, and UBQLN1 all captured polyUb from extracts of both untransfected and transfected cells ( Figure 6C ). When treated with vOTU, polyUb chains of defined lengths were released from the captured material and significantly longer vOTU-resistant chains were present in pull-downs when cells expressed NZF1-3 ( Figure 6C ). We have established a method to investigate K29 chains in cells that relies on TRABID-NZF1 binding to K29 and K33 chains and subsequent cleavage with a DUB that does not hydrolyze K29 linkages ( Figure S7A ). However, because vOTU does not hydrolyze M1 and K27 linkages in addition to K29 linkages, the short Ub chains released by vOTU from the high-molecular weight ubiquitylated mixture could contain these linkages. In order to determine the exact linkage type, we used linkageselective DUBs. The polyUb species captured from HEK293 cell extracts using Halo-TRABID NZF1 beads were first incubated with vOTU. Interestingly, these short vOTU-resistant chains stayed bound to the Halo-TRABID NZF1 bead fraction, while the supernatant contained only monoUb (Figures 6D and  S6B) . The bead fraction containing the short chains was first washed to remove vOTU along with any of the released monoUb and then subsequently incubated with different linkage-selective DUBs. USP2, a linkage promiscuous DUB, hydrolyzed these short chains to monoUb, while DUBs that cleave M1 (OTULIN), K11 (CEZANNE), K48 (OTUB1), and K63 (AMSH) did not disassemble these short chains ( Figure 6D ). Incubation with TRABID cleaved these chains down to monoUb, indicating that the vOTU-resistant chains are K29-linked. Using pRM LC-MS/MS analysis, we further confirmed that these short vOTU resistant chains isolated from cell extracts are indeed K29-linked ( Figures  S7B and S7C ).
K29 Linkages Are Present in Heterotypic Chains
The above experiments reveal that NZF1 captures K29 polyUb present in cells and suggest that these K29 linkages are present in heterotypic chains containing other linkages. We observe similar results when we perform pull-downs from extracts of different mouse tissues, suggesting that these heterotypic chains may be ubiquitous ( Figure S8A ). With available methods, it is challenging to determine the topology of these chains. Nevertheless, we used a combination of linkage-selective UBDs and DUBs to investigate the different possibilities of how these chains may be present ( Figures 7A and 7B ). To test if these heterotypic chains are made up of K48 and K29 linkages, we used Halo-RAD23B fusion that binds selectively to K48 chains to capture polyUb from cell extracts and the captured material was subsequently treated with vOTU ( Figure 7C) . Similar to what we observe with TRABID NZF1, short vOTU-resistant K29 chains were released, but in contrast to NZF1, these chains were not bound to RAD23B but are instead present in the supernatant ( Figure 7C, lanes 3 and 4) . Although short chains are also released from TRABID NZF1 captured material, these chains remain bound to the beads and the supernatants contained only monoUb ( Figure 7C, lanes 7 and 8) . Similar results were observed when the non-specific UBD of UBQLN1 was used ( Figure 7C, lanes 11 and 12) . We confirmed that these short chains are K29 linked, as subsequent incubation of these short chains with the DUB TRABID results in their hydrolysis down to monoUb ( Figure S8C ). Collectively, these results demonstrate that when we isolate polyUb chains from cells using a K29-selective UBD or a K48-selective UBD, we can detect the presence of short K29 chains.
In a converse experiment, we first captured polyUb from cell extracts using TRABID NZF1 and treated the captured material with TRABID that hydrolyzes K29 and K33 linkages ( Figure 7D ). The chains released into the supernatant were then subsequently incubated with Halo resin containing either RAD23B or TRABID NZF1. Importantly, the released chains bound only to RAD23B and not to TRABID NZF1. (G) Linkage specificity of TRABID NZF1 T25E mutant was assayed as in Figure 3B . See also Figure S5 .
To provide further evidence for the existence of heterotypic chains containing K29 linkages, we performed serial polyUb capture experiments ( Figures S8D and S8E ). When TRABID NZF1 was used in the first pull-down, this captured all the K29-linked chains from cells. A second pull-down using a K48-specific UBD captured polyUb from the cell extracts, but these did not contain any K29 linkages ( Figure S8D ). In a converse experiment, if the first capture was done with a K48-specific UBD, all the K29 chains were present in this fraction, and no further K29 chains could be isolated in a subsequent capture with a K29-specific UBD ( Figure S8D ). These data further support our hypothesis that K29 linkages are present in chains that also contain K48 linkages. Moreover, these results also suggest the existence of two pools of K48 chains, one with and another without K29 linkages. Taken together, these data show that multiple blocks of K29-linked polyUb exist in cells as part of heterotypic chains that also contain K48 linkages.
DISCUSSION
K29 linkages are an abundant atypical linkage type, but their cellular roles are not completely understood, as tools such as linkage-specific antibodies are not available to study these chains. Our work shows that K29-linked polyUb adopt an open conformation and are recognized by the NZF domains of TRABID and has revealed the use of NZF1 of TRABID as a tool to study K29-linked polyUb in cells. Importantly, the use of this tool has shown that K29 chains exist as heterotypic chains exclusively, mainly containing K48 linkages, and furthermore that K48 chains exist in two distinct pools, one containing K29 linkages and one without.
The ability to enzymatically assemble K29 chains in vitro is an advance that will pave the way for many subsequent studies. For the enzymatic assembly of K29 polyUb chains, we have combined the HECT ligase UBE3C with the DUB vOTU. Although we have synthetically created a Ub chain-editing complex for our purpose, such complexes containing ligases and DUBs have been described in vivo. These complexes are an efficient mechanism to rapidly remodel the topology of polyUb on a substrate and thereby modulate the outcome of the Ub signal (Newton et al., 2008; Wertz et al., 2004) . Interestingly, several DUBs are found associated with Ub ligases (Sowa et al., 2009 ), and we speculate that these uncharacterized complexes may assemble atypical chains in cells.
UBE3C, the enzyme used for assembling K29 chains, is involved in regulating protein turnover (Chu et al., 2013) . Recent work demonstrated that UBE3C associates with the proteasome and its levels at the proteasome increase upon proteasome inhibition (Besche et al., 2014; Crosas et al., 2006) . In yeast, the UBE3C homolog Hul5 functions as an E4 to extend Ub chains on ubiquitylated substrates to promote degradation of misfolded proteins (Fang et al., 2011) . Such an extension of polyUb on substrates at the proteasome by UBE3C may increase the residence time of the substrate at the proteasome and leads to the speculation that K29-K48 heterotypic chains provide an important signal for difficult to degrade substrates to be proteolyzed.
The assembly of K29 chains has not only allowed us to structurally characterize these linkages but has also provided insights into their recognition and clues into their biological roles. Until recently, K48 and K63 chains were the only linkage types that could be assembled in vitro, which permitted better analyses of these linkages compared with the remaining six linkages. With the availability of tetraUb of seven linkage types, we can now systematically profile UBDs to reveal their polyUb binding characteristics. The NZF domains of TRABID were previously described as selective K63 and M1 binders, but the availability of tetraUb of seven different linkage types has allowed a more complete assessment of linkage selectivity and led us to discover that the individual NZFs of TRABID interact specifically (C) PolyUb chains from the HEK293 were first captured using Halo-tagged RAD23B (K48-selective binder), TRABID NZF1 (K29-and K33-selective binder), or UBQLN1 (non-selective binder). Subsequently, samples in the indicated lanes were treated with vOTU. The total capture (T), supernatant (S), and beads (B) fractions after the DUB reaction were analyzed separately as shown in (B). (D) Recapture assay using linkage-selective UBDs to determine the linkage type of the chains remaining after removing K29 linkages. PolyUb chains captured from HEK293 cell extracts using Halo-NZF1 were incubated with TRABID that preferentially hydrolyzes K29 and K33 linkages. The polyUb chains that were released into the supernatant fraction after removing K29 linkages were recaptured using either the K48-selective Halo-RAD23B or the K29 and K33 selective Halo-TRABID NZF1. See also Figure S8 .
with K29 and K33 polyUb. Excitingly, this provides the description of a UBD that is selective for these uncharacterized linkages.
In all the structural studies analyzing polyUb binding by NZF domains, the NZF does not make direct contact with the linker between the two Ub moieties but rather exploits the relative orientation of surface hydrophobic patches on Ub (Husnjak and Dikic, 2012) . NZF1 of TRABID remodels the open conformation of K29 chains to satisfy a two-sided interaction. In contrast to other NZF domains that recognize the proximal Ub via one of the hydrophobic patches, TRABID NZF1 uses a distinct mode of Ub recognition whereby it makes contacts with the helix in Ub. Given that both K29 and K33 lie on the Ub helix, we speculate that NZF1 and NZF2 may use similar mechanisms to bind to both K29 and K33 chains. In support of this idea, we find that mutations that disrupt binding to K29 chains also affect binding to K33 chains. In tandem, the UBDs have a different polyUb binding preference that could be explained in part by the relative spatial organization of the domains, using a mechanism similar to that described for the tandem UIMs of RAP80 (Sims and Cohen, 2009) .
Our results suggest that rheostat-like modulation of the affinity of the NZF for distal and proximal Ub moieties is central to achieving linkage-selective polyUb recognition. NZF domains like that of NPL4 can bind strongly to the distal Ub, thus making them non-specific binders. In contrast, NZF domains like that of TAB2 and TRABID, which have weaker binding to distal Ub, now rely on additional interactions mediated with the proximal Ub, and these interactions with the proximal Ub are determinants of linkage-selective recognition. It is tempting to speculate that by modulating the proximal Ub binding site designer NZFs specific for desired linkage types can be created.
The availability of linkage-specific antibodies and polyUb sensors has greatly advanced our understanding of the cellular roles and the spatiotemporal dynamics of M1, K11, K48, and K63 polyUb in cells (Matsumoto et al., 2010; Newton et al., 2008; van Wijk et al., 2012) . We exploited our identification of UBDs that selectively bind to these two linkages to use these NZFs as an affinity reagent to capture K29 cells from cells. In agreement with previous proteomic analyses, we can detect K29 linkages in resting mammalian cells and in different mouse tissues. Unexpectedly, we find that K29 chains are present as heterotypic chains. It has only recently emerged that mixed and branched polyUb chains serve specialized signaling functions (Emmerich et al., 2013; Meyer and Rape, 2014 ). Although we have been able to readily isolate heterotypic chains containing short K29-linked polyUb containing no more than four moieties, longer K29 chains were detected only when the tandem NZFs of TRABID was expressed in cells. This suggests that K29 chains do not grow very long and are hydrolyzed by cellular DUBs. Because several proteomic analyses find that the abundance of K29 linkages increases upon proteasomal inhibition, we speculate that short K29-linked chains may be added as capping modifications. Further, the helical nature of K29 polymers, as observed in the structure of K29 chains in complex with TRABID NZF1, may denote a specialized signal.
Determining the precise topology of these heterotypic polyUb chains and whether they are present as mixed or branched chains will be challenging. It will be of great interest to investigate the conditions under which these chains are made in cells and the precise biological processes that are regulated by these heterotypic chains. Given the paucity of tools available to study different linkage types, our work reveals how linkage selective UBDs can be exploited to capture particular linkages from cells and provides a valuable tool to investigate cellular roles of this enigmatic linkage.
EXPERIMENTAL PROCEDURES
An extended version can be found in Supplemental Experimental Procedures.
K29-Linked PolyUb Assembly
Large-scale K29-linked polyUb chain assembly was carried out in 1.5-ml reactions of 25 mg Ub (Sigma), 644 nM UBE1, 9.5 mM UBE2D3, 3 mM UBE3C, 10 mM ATP, 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , and 0.6 mM DTT at 30 C overnight. To release K29-polyUb chains, a total of 2 mM vOTU and 5 mM DTT were added in to the assembly reaction and incubated further at 30 C overnight. Chains of defined lengths were purified as described in Supplemental Experimental Procedures.
Preparation of Halo-UBD Resins
UBDs used in this study were expressed in E. coli as GST-Halo fusion protein (see Table S1 ). GST was removed using C3 protease. Halo-tagged UBDs (21 nmol) were incubated with 200 ml of the HaloLink resin (Promega) in 1 ml binding buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% NP-40, 1 mM DTT) overnight at 4 C. Pull-down and analysis of polyUb chains using Halotagged UBDs were performed as described in Supplemental Experimental Procedures.
ACCESSION NUMBERS
The Protein Data Bank (PDB) accession numbers for the structures reported in this paper are 4S22 and 4S1Z. Figure  1F) . To highlight the purity of the K29--linkage and the absence of other linkages, the intensity scale for the non--K29 linkages was set 10--fold lower. AH: refers to automated height as determined by the XCalibur software. (F) Mutating W18 residue of NZF1 does not increase binding to K63--Ub2. Halo--tagged NZF1 wild type or mutants were used in pull--down assay with K29--, K33--, and K63--Ub2.
SUPPLEMENTAL INFORMATION
The captured chains were visualized by silver--staining. 50% of tetraUb input used in the pull down assay was included as control.
(G) Superposition of the distal Ub moieties (yellow) of K29--Ub2--TRABID NZF1 (orange) and Met1--Ub2--HOIL--1L (purple). For clarity, only the NZF1 of TRABID is shown (cyan).
PDB ID: 2WWZ, ); 3B08, . (B) PolyUb chains captured from HEK293 cells using Halo--NZF1 were treated with vOTU. The abundance of Ub linkages of the vOTU--resistant chains that were still captured on the resin was analyzed by parallel reaction monitoring (pRM) as in Figure   S1D . The error bar represents the standard error of the mean of three measurements.
(C) The extracted--ion chromatography of vOTU--resistant chains analyzed by pRM in (B). To highlight the abundance of the K29--linkage over other linkages, the intensity scale for the non--K29 linkages was set 10--fold lower. AH: refers to automated height as determined by the XCalibur software. Figure S8 A B B r a in L u n g H e a r t L iv e r K id n e y T e s t is B r a in L u n g H e a r t L iv e r K id n e y T e s t is (A) PolyUb chains from the indicated mouse tissues were captured using Halo--TRABID NZF1 and the presence of K29 chains was assayed by treating one half of the samples with vOTU. For a loading control, 2% of input lysate for IP was separated and visualized on Coomassie--stained SDS--PAGE gel.
(B) PolyUb chains from HEK293 were captured using Halo--TRABID NZF1 and incubated with an increasing concentration of vOTU, Cezanne, and TRABID for 1 h, 2 h, and 2 h, respectively. The K48--linked polyUb chains were analyzed using anti--K48 Ub linkage.
(C) PolyUb materials from HEK293 cells captured by Halo--TRABID NZF1, Halo--Rad23b UBA1--2, and Halo--Ubiquilin1 UBA were treated with vOTU and TRABID as indicated.
(D) PolyUb materials from HEK293 cells were captured by Halo--TRABID NZF1 or Halo--Rad23b, and where indicated, the supernatants from the first pull--down were subjected to a second pull--down. The presence of K29 linkages was assayed by incubating one half of the pull--down material with vOTU.
(E) As in (D), except the captured polyUb species were not treated with vOTU. The presence of K48 linkages in the pulled--down polyUb material was visualized using anti--K48 polyUb immunoblotting. to the Easy--Spray column was 1.9 kV, the isolation width was set to 1 Da, normalised collision energy was 35 and the activation time was 10 ms. Xcalibur software (Thermo) was used to process the data, with the ion current for the daughter ions being summed for each precursor mass analyzed ( Table S2 ). The resultant summed intensities provide the y--axis values for Figure S1D and Figure S7C . This was a much cleaner and selective analysis method rather than using the extracted ion current for the precursor mass for each ubiquitin chain peptide.
Crystallization and structure determination. Purified K29--linked diUb chains were crystallized at 12 mg/ml in mother liquor containing 100 mM Bis--Tris propane (pH 6.5), 200 mM sodium iodide, 20% PEG3350, 5% ethylene glycol and 5 mM sodium malonate at 20 °C. Further, seeding technique was used to obtain diffraction quality crystals. The single crystals obtained were cryo--protected in mother liquor containing 20% glycerol and 20% PEG400 before freezing in liquid nitrogen.
For crystallization of the complex, TRABID NZF1 and K29 diUb were mixed together in molar ratio of 1:1 and incubated for 3 hours at 4 °C before concentration using Millipore concentrator (MW cut off 3kDa). Crystallization screening was set up using protein complex concentrated to 18 mg/ml and crystallization trays incubated at 12 °C. The complex crystallized in mother liquor containing 100 mM MES (pH 6.5), 200 mM potassium iodide, and 25% PEG4000. The crystals grew to maximum size in one week and were cryo--protected in 100 mM MES (pH 6.5), 10% PEG20000, and 35% PEG400 before vitrification in liquid nitrogen.
Diffraction data for K29 diUb and the NZF1--K29 diUb complex were collected at ESRF beam line ID23--1 and Diamond beam line I04, respectively. All data were processed using XDS (Kabsch, 2010) and scaled using SCALA (Evans, 2006) . The structures were solved by molecular replacement using the structures of ubiquitin (1UBQ (Vijay-- Kumar et al., 1987) ) and the NZF domain of TAB2 (2WWZ ) as search models in Phaser (McCoy et al., 2005) .
Iterative rounds of refinement was done using Phenix (Adams et al., 2002) and REFMAC (Murshudov et al., 1997) with model building in Coot (Emsley and Cowtan, 2004) . Simulated annealing and rigid body refinement was used in the initial stages to remove model bias. Final re--refinement for K29 diUb was done using PDB_REDO (Joosten et al., 2014) . Both structures were refined to the final statistics as shown in Table 1 .
Isothermal Titration Calorimetry. ITC titration were performed on a
MicroCal TM iTC200 at 25 °C in ITC buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 250 µM TCEP). Each titration used 25 × 1.5 µl injections. For all titrations, the syringe contained the NZF proteins and the cell contained diUb. Concentration of 300 µM and 20 µM was used for titrations of NZF1 and diUb, respectively. For titration of NZF2 and diUb, concentration of 550 µM and 30 µM was used, respectively. For titration of NZF3 (800 µM) and K33--Ub2 (40 µM), and NZF1
M26A (550 µM) and K29--Ub2 (30 µM), higher concentration of proteins was used to increase the ITC signal.
Assembly and purification of tetraubiquitin chains. K6--linked chains were enzymatically assembled using wild type Ub, UBE2L3 and NleL as described before . K11--linked tetraUb was purified from ubiquitylation products generated by UBE2S (1--192) and contaminating K63 chains were removed by incubation with AMSH . K48-- and K63--linked polyUb chains were assembled as described using UBE2R1 and UBE2N/UBE2V1 respectively , while HOIP was used for assembly for M1--linked chains (Stieglitz et al., 2012) . K33--linked polyUb chains were assembled as described (Kristariyanto, et al., manuscript submitted) . K29--linked polyUb chains were assembled as described above. For each linkage type, polyUb of defined lengths were separated by cation exchange chromatography and the fractions containing tetraUb were concentrated and dialyzed into 50mM
Tris, pH7.5 buffer.
Cell culture, transfection, and cell lysis. HEK293 cells were maintained in DMEM supplemented with 10% (v/v) FBS, 2 mM L--glutamine and antibiotics (100 units/ml penicillin, 0.1 mg/ml streptomycin) and were cultured at 37 °C in a 10% CO2 humidified atmosphere. All 3xFlag--tagged proteins in mammalian expressing vector (Table S1 ) were introduced to HEK293 cells using polyethylenimine (PEI) (Bioscience). Once the cells were confluent, they were harvested in PBS, pelleted, snap frozen, and stored at --80 °C. The cells pellet was thawed and incubated in Lysis Buffer (20 mM HEPES (pH 7.5), 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 1 mM sodium ortho--vanadate, 1 mM NaF, 0.1% NP--40, 1 mM ABSF, 25 mM iodoacetamide, 0.02% benzonase (SIGMA), protease inhibitor cocktail) for 30 min at 4 °C in the dark.
Cells were lysed by two times freeze--and--thawing cycle and a final concentration of 150 mM NaCl and 5% glycerol was added. Cell lysates were clarified by centrifugation at 14000 x g for 20 min at 4 °C, supernatants were collected and protein concentrations were determined by the Bradford procedure. For the tetraUb pull--down assays, 10 µl of the Halo--UBDs resins were incubated with 1 µg tetraUb chains of of the indicated linkages (M1, K6, K11, K29, K33, K48, and K63 tetraUb) in 500 µl pull--down buffer (50 mMTris--HCl (pH 7.5), 150 mM NaCl, 0.1% NP--40, 5 mM DTT, 0.5 mg/ml BSA) for 2 h at 4 °C. Beads were washed three times in Wash Buffer (50 mM Tris--HCl (pH 7.5), 250 mM NaCl, 0.2% NP--40, and 5 mM DTT). Captured tetraUb chains were separated on 4--12% SDS--PAGE gel and visualized using silver--staining kit (Thermo Scientific).
